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Figare 9.13. Schematic H-R c.oeram of the globular cluster M3.

s somewhat schematic, because the conversica kom th= B — V

The distance to the duster has bew:: ‘rived oa the assumption
that the luminosity c’ the: RR Lyrae stars 5 0L . The diagram

and ¥V measurement- of Johnson and Sandage 20 T, and L is
———somewhat uncertain for Population H stars. (Adapted from
H L. Johnson and A. R Sandage Ap. J_ 124 1956, 379)
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Figure 8.6, Descent of a low-mass star with poor heavy-clement
abundances (Population II star) from the tip of the red-giant
branch to the horizontal branch. Track A corresponds to a star
which suffered a relatively large loss of mass during the red-
giant phase of stellar evolution. Track B corresponds to a star
which suffered relatively little loss of mass. (Adapted from Icko
Iben, Ann. Rev. Astr. Ap., 5, 1967, 571.)

convective helium-
burning core with
temperatures roughly
equal to 10* K

10 R, hydrogesa-
burning sheil

Figure 8.7. The structure of a horizontal-branch star. The left
figure shows the entire star from core to photosphere. The right
figure shows an enlarged picture of the region near the core.
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Figure 8.8. The structure of an asymptotic giant. The figure on
the left shows the entire star from core to photosphere. The
figure on the night shows an enlarged picture of the region near
the core.
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Model Calculations

Radiative Transfer Equation:

dl\-’ ' B .
= =~ htiy

where [, = specific intensity
o, = absorption coefficient
Jv = emission coefficient

S
with optical depth d1,=o,ds or 1, = [a,ds’

and source function S, = % we get:

Sp

TV r
I(t) = I,0) e ™+ [ Syr,) e ™ ¥ ar, ()
0

e

we assume: e thermal equilibrium (= S, = B (T)) .77 13
e spherical symmetry g ”“
e temperature profile T r“:’L (o=0.4) -

e density profile of dustp < rP (B=2) -

by integrating (*) for each ray and calculating the
Fourier ransform one gets the visibility

comparison with our observations — temperature and
radius of dust shell



Modelling Basics:

[Based on work of Wolfire and Cassinelli (1986)]

FULL RADIATIVE TRANSFER CODE:

1. Spherical Code

2. Temperature calculated self consistently

3. Grain size distribution ~4°

4.Grain types: Silicates, Graphite, (AC, BE)
Amorphous Carbon, or Mixtures

YIELDS:

1. Intensity as a function of impact parameter
2. Spectrum

TO COMPARE WITH DATA:

1. Compute Visibility from Intensity Distribution

2. Fit model parameters: Inner radius, Optical
depth at 11 microns

3. Constraints are total luminosity and 11 um flux
density

4. Also get mid-IR spectrum but don't explicitly fit
that.

SE———— o N - e L e e e & = S SR ] =



Fringe Visihility
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T Fig. 1. Synthetic thermal images of circumstellar disksat A = 5 ym and A = 10 pm (logarithmic scale). Model 1 (cdlassical T
'I‘a.urirhr}i:d.&phyedintcppmds,mdel2(ﬂntinﬁuedlpedrmTMm)hmiddl:pmdj and model 3 (FU Orionis
= -—:ur]mbottnmpmds.[ﬁpandsmim:gﬁnﬁmlndd;htm_mwn 10 pm

The radial temperature law is then given by T = 7V, 1993). Eadier studies concentrated on vertical structure
withqinthera.ngelﬁ{htinﬁudﬂ}hlﬂ(‘dm— and scattering processes in T Tauri disk. Here we focus
sical” accretion disk infrared SED). With this approach our attention on the cutput images and on their transfor- — -
and an assumed disk radius of 100 AU, ome derives typ- mation to interferometnic visibilities.
kﬂ@kmmufa_ﬁwpﬁmntof@emlmm,-ﬂ A first disk model used for computing i g
considerable uncertainty. on the work of Bertout, Basri & Bouvier (1988). The disk
is supposed to be flat and has a radial structure den
from Lynden-Bell & Pringle (1974) with temperature law
proportional to r—>/4. We did not take into account the
e ﬂﬂlmmingfmmth!:intﬂlcﬁmregiﬂnbetmdiskmd

Work presented in this paper 1s part of a wider effort to star, since it emits mainly in the ultraviolet and is loo
obtain synthetic images of T Tauri disks in order to com- cated very close to the surface of the star. The bound-

pare them with future observations (Bertout & Bouvier ary layer is not resolved except perhaps in the ultraviolet —
1988 Malbet et al. 1992; Bouvier et al. 1992; Monin et al. range which is beyond current interferometry. The flux

——3: Synthetic thermal images and visibilities of cir-
cumstellar disks
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Table 1. Disk model parameters

Inner Radius

Outer Radius

~ Distance

Temperature

Wable 2. Visibilities for 50 m and 100 m basehnes

Model 1 Model 2 Model 3
11 R, ~ 1R Y R,
50 AU S0 AU 150 AU
150 pc 150 pc 450 pc
oc r—3/4 ox 12 oc r3/4

Accretion rate 107" Mo /yr  10° Mofyr W Mojyw

371

Model 1 Model 2 Model 3
Baseline 50m 100m 50m 100m 50m 100m
A=05pum 1.0 1.0 100 099 096 087
] “A=1umm 10 10 099 098 09 087
A=22um 099 098 0.9 0.88 094 0281
o A=05pum 099 09 08 077 092 074
A=10 pm_ 099 09 066 040 087 065
- " A=20pum 097 09 D41l ©021 082 056
Table 3. Disk sizes vs. resolution of 2 B = W0 m mterferometer at the 0.9 lewel
B ) Wavelength  Model 1 Mode] 2 Model 3. 0.08 B/)
- AU mas AU mas AU mas mas
A=05pum - - - - 006 0.1 008
a - - A=1lgm - - - - 015 04 016 =
A=22um 005 03 007 05 05 1 0.4
1 - A=5um 015 1 04 3 15 3 0=8
A=10pum 04 3 15 10 4 9 16
~ A=20ppm 1 7 ® & 10 20$ 33

Table 4. T Tauri accretion disks predicted fluxes compared to VIEA expected sensitivity

0.73 Jy

_12)y

12 Jy
11y
10 Xy

T Taur disk fluxes
Model 1 Model 2 Model 3 comservative case long-term case
21 wmly
21 mJy

__8mly

013Jy 013Jy 91} 42)y
083Jy 15}y 14l
21}y MWl )y
47y My 05k
93y 12} 16}y
19}y 99J)y 561y

0.1 Jy
0.3 Jy
1.1 Jy

€ Enroncan Santhern Ohservatory © Proavided hv the NASA Actronhvsics Data Svetem -
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"~ Fig. 2. Interferometric visibilities of a classical T Tauri star {model 1)."Top left panel: global spectral emergy distribution in

golid line, star contribution in dotted line and disk contribution in dashed line. Top right panel: visibility at 20 gm. Middle left

panel: visibility at 10 pm. Middle right panel: visibility at 5 um. Bottom left panel: visibility at 2.2 sumn. Bottom right panel:

wisibility at 1 gm. Solid line corresponds to the major axis of the disk, and dotted hine to the minor axis

from the boundary layer is pegligible at visible and in- model sampling is polar, linear in angle from the star,
frared wavelengths. The effect of shadowing of the mner and logarithmic in radius. We have to transform this in a
part of the disk by the star has been taken into account sguare linear sampling on the sky without losing or cre-
for the central pixel. The disk is supposed to be optically ating amy flux. We do this by building a linear regular
thick even in the outer part of the disk. The star is an grid om the sky with a cell size such that several points
- — ——from the original grid are found inside this cell. Then the
angle of the original cells is computed in order to

disk has a temperature radial distribution proportional to oo Ve the l“m mmpuuuun leads toa ﬂ%“ cube
" 7-1/2. The total flux from the disk is parameterized by With two spatial dimensions and a spectral dimension. The
the accretion rate which is needed to get the same total ‘spectral energy mm 15 ulcn]n.tad with the original
flux with a classical disk model. sampling and with the regular grid, and we check that
: . = e — the two spectral distributions are identical. The star flux

Most of the difficulty involved in building an image  copyribation is added in the central pixel.
comes from the linear sampling on the sky. The original

e

—
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Fig. 3. Interferometric visibilities of a T Tauri star with a flat infrared spectral energy distribution (Model 2). Top left panel:

global spectral energy distribution in solid line, star contribution in dotted line and disk contribution in dashed line. Top right

panel: visibility at 20 um. Middle left panel: visibility at 10 pm. Middle right panel: visibility at 5 um. Bottom left panel:
visibility at 2.2 um. Bottom right panel: visibility at 1 gm. Solid line corresponds to the major axis of the disk, and dotted line

< P W e : RS E s e e e e

We simulated 3 different models of circumstellar disks — Model 3 is a FU Orionis disk located in the Orion
around the same star. The star has radius 3 Ry, mass molecular cloud located at 450 pc with a 10~* Mg /yr
1 M, and 4000 K effective temperature. A 45° disk incli-  accretion rate. '
nation is assumed.

- — Disk parameters used in these models are summarized ——
in Table 1. Images obtained at 5 pum and 10 ym are dis-
A — played in Fig. 1. The z-axis gives the spatial scale on the
— Model 1 is a “classical” accretion disk with 10~7 sky in milli-arcseconds and the y-axis the absolute spatial
Mg [yr accretion rate located in the “Taurus-Auriga —#cale in Astroromical Units. The emergent spectral energy — —
cloud at 150 pc. distributions are presented for each model respectively in
. — Model 2 is a disk of same luminosity as Model 1 with —the top left panel of Figs. 2-4. - =
a flat infrared spectrum located at the same distance In order to obtain 2-D visibilities, we Fourier trans-
—  ———as Model 1. —— formed the synthetic images. We extracted 2 different - —

© Farnnean Sonthern Ohservatorv © Pravided hv the NASA Astronhvsiecs Nafa Svstem
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‘I'Il'lbititr

——

baselines corresponding to the major and minor axis of the 4 Discussion S

ibility levels due to disk imclimation Imverferometric wisi- 4.1. Dynamic range isspes
mmwulm,nmﬁmmmmmm ' ) _ ) )
are presented respectively in Figs. 2-4 for each model The Mdhmmhm‘!mm
= z-axis gives the projected baseline and the y-axis the mor- ¥ dassical imaging techniques is usually the contrast

malized intensity. Values of visibilities corresponding to ™ intensity between the star and the disk. How large

- thedisk major axis are given in Table 2 for projected bagse- * Ghis mh visibilities? The visibility Uflfl un-
_' lines of 50 m and 100 m. We did not include visibilities at mﬂﬂmﬁlm_ﬂNWM-A_nuhmfﬂ
- _ﬂ.ﬁp.ms‘mcesmctralmﬂgydistﬁblﬁmsﬂwﬁatu_wﬂm“ﬁHﬁillﬁsﬁtmmth&w-

this wavelength the star flux is dominant and therefore Dility curve. The diameter of a T Teuri star at 150 pc is

~-  the disk is not resolved.
: at A = 0.5 pm is 1 mas. Therefore the star is always unre-

0.1 mas. The resolution of 2 100-m baseline interferometer

E - : solved and the contribution to the visibility is a fixed level

© Foraonean Sonthern Ohservatorv » Pravided hv the NASA Astronhvsics Data System
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o

113,

corresponding basically to the flux ratio of the star com-
_© pared'to the total flux-of the T/ Tauri system. This ratio at
different wavelengths is given by the"SEDs-where-we-can
a6 gompute contributions from the star-and !from the disk.
"o The position of line crossings:givesthe-wavelengih-where
- —4he star and the-disk: fluxes-are similar: atabout A = 2, um
for Tiflodel T and at about A-=-1i4ipmfor-Moedel 2. The
stellar fiux is completely embedded!in Model 3. Therefore

GERERY

" ghere is no dymamic mangerproblem:between:therespective

disk and star flumes at wavelengthsigreaterithan i2)pm.

e

110000 !

—— e

In order to estimaite @t wihich wevelength . one can start
- .M@Mﬁm-ﬂ,mmm&s to now tthe ac-
‘ mdﬂﬁﬂwm@m.mwuﬂﬂ
 calibration of the mull spatial frequency, 'the precision of
current interfevometers is of opder 1—5% for the wisibilicy
curves(dPnﬂ:aLMﬂdedilﬂl

for Mark IT] stellar interferometer; Cowdé du Foresto 1992 —

for FLUOR mterferometer). From values reported in Ta-
ble 2, T Taum disk thermal emission is barely resolved for
wavelengths shorter tham 2.2 gm with a 100-m baseline in

Model 1 and Model 2. However for Models 2and 3, thede-

tection of disk thermal emission is well within the range of
* optical imterferometers at wavelengths lomger than 1 gm.
Concernimg the disk radial distribution of mtensity,

“Figs. 24 show that the longer the wavelength, the bet-

ter T Tauri disks are resolved. The radial distribution of
T mmﬁqnﬂum“mghshwin.:'.h
Model 1, 2 and 3 in normalized units for the intensity and
3 in milli-arcseconds for the distance to the star. The dot-
ted lines represent the radial distribution of temperature
Fy in normalized units. The shapes of the solid curves can be
separated into two asymptotic regimes. The first ene cor-
3 Iapundsmthewmnregﬂme(innundﬁ}-ﬂthm_l
one to the Rayleigh-Jeans regime (outer radii). The tran-

&
E 0000 B
w
= i
% -po100,
E :
) - |
-~ DTO0
_ E o0 —
——DiBDD
i
040000 e

0.0001 : .
I -~ 51 40 100 1000 1000.0
Radius (mas) -
1.0000
~ = ;- . ;
y - 0.1000
[ =
S
£ g0100 =
&
- = .
E 0.0010
o £.0001 == =
901 ©.10 1.00 10.00100.00000.00
S S __ Radius (mas)

¥ig. 5. Radial distribution of intensity in the disk of a classical

- T Pawi star (Model 1, top), a T Tauri star with a flat infrared
spectral emergy distribution (Model 2, middle) and 2 FU Orio-

¥ — gition occurs at the maximum dmwm_iﬂm;’m}sﬂﬁdmm&mwkﬂ:nﬁﬂ

. when AT = 3000 um K. These transitions ave mavked by
. diamonds on the curves. The distribution of imbemsity is
proportional to the distribution of temperatare in the -
- -ﬂMﬂddmwyiEMM-d
the disk. In the following we will call “disk sive” the vadins

x where the transitioa oocurs. _
kt is nseful $0 make a conmection between the sk sive
£ ‘dmmmmnmd-

distributions of intensity at A =20 pm, A =10 pm, A =5 pm,

A=22mm A= 1pm (Model3 only) and A = 0.5 pm

Mluﬂﬂmﬁﬂhmﬁyﬂﬁeiﬂnﬂiﬂiﬂﬂtﬂ e

dick. Dismmond and plus marks correspond to the transition
‘Botween the Wien and Bayleigh-Jeans regimes. Dotted line:
nﬁd&eﬁﬂﬂiﬂd’wﬂuﬂﬁnﬂmuﬂﬂyﬂ&
anper radios of the disk =

WMMHWHW B ——————

- mhnmthﬂbdlﬂmﬁd.n&-lhﬁ

T A

_ between 0.5 and 0.75 (cf. Sect. 2), the exponential be-
mavcmum givea by the rdation. ——hmwior of the distribution of intensity is smoother than a

Ganssian (e~ mmwedtne"'}mdthcrmnlutinn crite-

R > 0087 0

sion is somewhat pessimistic for circumstellar disk models.
Table 3 gives the corresponding size of the disk (defined

" This ¢pierion is not stmetly walid for computed circum- by the size of transition gone) at-0.5 pm, 1 pm, 2.2 pm,
stellar disk modsls, but gives a wseful first approximation 5 gm, 10 pm and 20 ym for the three models and the cor-

of the meeded pesolution. Simce the distribution of tem- responding resolution of a 100-m baseline interferometer

perature s wsually proportional so K with ¢ ranging 3t the 0.9 level (cf. Eq. (1)). The resolution is marginal
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CONCLUSIONS:

1. Inner radii within a few stellar radii for Miras and
Carbon stars.

2. Wider variation for other spectral types

3. Implies if dust always forms close to star, time scale
for dust emission varies depending on spectral class

4. Atmospheric scale height for VX Sgr in rough
agreement with theory

S. Diameters at 11 um consistent with optical diameters
for supergiants Alpha Orionis and Alpha Scorpii.

6. Alpha Orionis had a recent burst of dust formation.

7. Dust is created and destroyed in complex
environment of Omicron Ceti.

8. Complex dust patterns exist for NML Tau and NML
Cyg, not simple uniform outflows

9. MANY INTERESTING RESULTS AND MORE TO
COME!!!

LONG BASELINE INTERFEROMETRY IN THE MID-
IR HAS ALREADY PRODUCED IMPORTANT

RESULTS AND HAS GREAT POTENTIAL FOR THE
FUTURE.



High angular resolution on spectral lines:

Study distribution of gas and dust separately

® High spatial and spectral resolution
simultaneously '

® Molecules:

NH,, SiH,, C,H, in various excited states

® Sources:

IRC +10216, VY CMa, NML Cyg, NML Tau
IRC +10011, IRC +10420, R Leo, o Her

Problems:

® Find CO, local oscillator lines close by using
various isotopes like 2C, 13C, 14c, 160 18p
® Take into account LSR velocity of the source

® Need a more complex correlator
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Spectral Line Observations -- Line/Continuum

IS| Filterbank Observations -- Fall 1998

1.2

UB _U‘I’NCME[

0.6

Legend:

® Visibility Ratio
A Fringe Ratio

* IR Power Ratio

IRC+10216
NH
aQ(33)

IRC+10216

IRC+10216
SiH
R-03) F2-F1

SiH,
'F‘{-I[UB}I AZ-AT

IRC+10216

2l ¥RC+102186
R-(00) A2-A1

SiH
R-(03) A1-A2

Calibration|

SRS




Circumstellar Envelope of IRC +10216
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—t 10 —3), depending on the geometrical arrangement of the
dust and heating source (Friedjung 1985). The temperawre of
dust 2 AU from this L ~ 500 L _ object, i.e., at the minimum
physical distance resolved by these observations, is ~750 K;
at the 17 AU radius of the halo suggested by the speckle results,
it is ~310 K. Hot material close to the star would emit strongly
at 2.2 pm and with an optical depth roughly 5 times greater
than the scattering optical depth (Draine & Lee 1984). The

—ratio of emitied Light o scaticred Light is roughly —

. BIT_An)

v in order 1o fit the observed SED * The model implies an
accretion mate of M ~16 x 10~ M _ yr— for a | M star, an
A, ~ | mag, and an inclination angle of ¢ ~ 36~ The resulung
syntheuc image at 2.2 pm s displayed m Figure 4 (middle

~ panel), wgether with the predicied visibility curves Tor the

major and munor axes (might pewnel). Our interferometric data

—are m very good spreement with the sceretion disk medel.

However, the precision of the imdividual wisibility measure-

——ments is imadequate (0 constrain the position asgle for the disk.

5. CONCLUBIONS

@B, (T MriR)™

where @ is the albedo (~0.2; Draine & Lee 1934_}, r is the
distance to the center, and K and T, are the equivalent radius

and effective temperature of the central source, respectively.

With R =4 R and T, = 6000-8000 K, the ratio is much

“larger than 1 at 2 AU and much smaller than 1 at 17 AU.

W hile a detailed radiative ransfer model must be used to assess

————the relative importance of scatiering aad thermal emission, we

regard thermal emission as likely to be dominant if the radius

_of the putative dust halo 1s much smaller than ~10 AU, whereas

scattering will be important if the radins s much larger.
Accretion disk model —Following MB95, thermal emission
from an accretion disk of the type proposed by HKB5 and
KHHES is expected 1o be resolved in the PT] data, with ap-
proximately the observed fringe visibility. We computed a disk
model with a surface temperature distribution proportional to

We have resolved a young sicllar object for the first ume
~__msing long-bascline interferometry in the near-imfrared, achiev-

ing a projected spaual resoluton of 2 AU using the Palomar

 Testbed Interferometer. Although the single visibility measure-

menl presented here cam offer only hmited constraints on ex-
isting astrophysical meodels, i is resassuningly comsistent with
the accretion disk thet was mferred from earlier speciral and
specrophotometnc dsta, More seasiive muluaperture infrared

Telescope Interferometer, which are mew umder comstruction,
will soon enabie more robust stadics by producing true images
of the disks of FU Ononis stars with ~2 AU resoluuon and
even morc dewmiled smapges of the disks of less luminous
T Taun stars. |

" "The photometry date are Trom Alles (1973). Glass & Penston (1974).

EHELS. and the IRAS.
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TABLE |
Visisivity Data

Baseline  Visibility® sms: ©bservation  Number

Band (M)} (%) (%)  Number  of Nights
e 12.8 M2 57 10 2 -
' 231 S 3 37 M 3
.. . 9.6 85+ 1 18 3 2
17.3 ¥ £ 3 5.6 L] 1

"The wishiley smcermamibe: epe e emor m e mean
E'M-pln = .”.hr:

2 8

Visibility (%)

| & ,E...g B

o p————— o o == —_— =

mosphenic seemg on the data. The wissal magnimdes (V).

gpecwal types, amgular separations (4) from AB Aur, and the
appronimate angular diameter (#) of the calibrator stars used

Jor the AB Aw (V=T7.1,H=151,K =44, A0) observations -

are as follows: HR 1343 (V=493 G8 Ill, d = 9%, # =

4.5 mas), HR 2219 (V=435 G851llb, d = 17°9. 9 =20 —

mas), and HR 1626 (V=6.14, KO II-1Il, d = 2°5. 0 = 1.0

_Emas). : _ I

2.2. Visibility Results

Each individual fringe is fitted in the time domain, using the
instrument’s theorelical point-source response as a template, in
order to determine the fringe visibility. From the 500 inde-
pendent visibility values in each observation, we estimate the
source visibility using a physical model of the visibility dis-
tribution function. Our model incorporates the source visibility,
the signal-lo-noise ratios of the individual visibilities, and the
effect of random ults between the wave fronts from the two
telescopes thal arisc from atmospheric seemy. We fimd that
seeing effects can strongly bias the esumate of visibilicy firom
a distribution. Hercafier, we nse the term “visibility™ 0 mean
the estimated source visibility, with the atm ospheric secing and
instrumental biases removed. A detailed description of the
model and estimation procedure will be presented in a future
paper. We note that a simpler method for the estimation of

-~ wisibilities, such as the mean of the 500 independent values,

results in a larger scatter when nights of different secing con-
ditons are included; however, the main results of this Letter
wounld be essentially unchanged.

Observauons of AB Aur were made throughout the time -

penod 1997 Ociobes-1998 March using two baselines, the
longest JOTA bascline of 38 m, which is oriented approxi-

malcly sorth-northeast, and 2 2] m morth-south baseline. For
these basclines, the projected bascline keagth oa AB Awr varied
by less than 1% over the hour amgle range observed (approx-
tmately —1 a0 3 hr). Morcover, measurements made on the

....."'“:
_JE-_.;:
> f
— B0t
£
=
& =
u b i S | A i i R R IR e N e |
(4] —30 20 30 40 £0)
B [MA]

F1G. 1. —Vusibility of AB Aur as a function of baseline length data and
comparison with models of the source brightness distribution described in the
text. The botiom panel shows the H-band data, and the top panel shows the
K -band data. The K pancl slso shows the wpper kimif corresponding lo the
PT] ebservation The models are plotted as follows: Gaussian (solid lines):
mug (lomg-dashed lmex), binary (dashed lines); and accretion disk (dash-dored
dmes). The Gavssien and mng models provide an accepiable fit to the visibility
data :

——10 the observed dispersion. However, we note that a change in
the near-IR magnitudes of 0.1 would result only ina 1% change
in the visibility, and therefore this effect is not believed to
dominate the residual might-to-night variations observed.

Even considering a 5% calibration error source, the data
- demonstrate clearly that the AB Aur system is resolved. More-
over, we may usc this error estimate to place an upper limit

—on the variation of visibility with changing baseline position
angle on the source. We find that the visibility varies by less

—than 5% over the range of position angles observed (—10° 1o
20°). This result is important since it suggests that the source

is mot highly cloagated. The data are shown in Figure |, where

we also include a visibility upper limit of 30% at a longer
bascline (110 m) set by the nondetection of fringes in K-band
observations at the Palomar Testbed Interferometer (PTI) (Ber-

ger 1998).

longest bascline show mo evideace of 2 varintion in the wisibiliy — - — e e

as the interferometer bascline rotated with respect o the soumce.
For these reasons, we have considercd all ebservations of AB
Aur on a given bascline to be indepeadeat estimates of the
same visibility value, and we have used the observed dismi-

: 3. SOURCE MODEL
~ 3.1. Near-IR Excess due to Circumstellar Material

bution of measurements about the mean value for cach bascline
to assess the overall measurement error.

The near-IR flux from the AB Aur system arises from both
circum stellar material and AB Aur itself, and both contributions
meed to be taken into account in order to interpret the visibility

~The average values of visibility for the Hand K bands are
presented in Table 1. We find that the distribution of visibility

estimates about the mean is characterized by 2a rms value of -

approximately 5%, which therefore would represent the typical
error in a single AB Aur measurement duoe to all sources. We
attribute the bulk of this uncertainty to residual calibration

errors, since this value exceeds the expected error due to ran-

dom moise in the iniual fnnge-fitting process, which is on the
order of 1%. Photometric vanations of the star itself, which

T ECTOEmMOl il pre—main-sequence objects, may also contribute

data. To estimate the stellar and circumstellar near-IR fluxes,
we use the ¥, R, I, H, and X photometry data tabulated by

~—Hillenbrand et al. (1992), and we adopt an extinction to the

star (A, = 0.5) and an effective temperature of 10,000 K (van
——den Anckeretal. 1997). By adjusting the stellar radius to match
the dereddenced V, R, and I fluxes, we derive R, = 2.32 R,

Using this model w represent the stellar contribution, we
calcuiate the & and K stellar fluxes, and we deduce the excess
fluxes due w circumstellar emission by subtracting from the
dercddened total luxes. We find that the excess flux represents




» 4y 1999

about 71% of the wotal in H and 84% i K. From the H and
K excess fluxes (6.79 and 9.48 Jy, respectively), we derive a
color temperature of 1865 K for the circamsteliar material.

— 3.2 Visibiliry Models

The decrease in visibility with baseline length in Figure 1
indicates that the source is reselved by the interferometer and
permils an esumale of the effecuve size of the near-IR—emiting

nificanty on the details of the source brightness distribution,

MILLAN-GABET ET AL.

Tegion 10 be made. However, the size estimate depends sig- —

L133
TABLE 2
SomMAakyY of Source MoDELS
Param eter Gaussian’ Ring' Binary*

. Sme(mas) .. ... 466+ 011 474+ 009 385 + D4l
Sme (ADY ... ... ... 067 £ D02 O©O68 x 001 055 £+ 006
Bbmd T,(K)....... 1318 1865 1865

— Kbamd T, K ... 1200 )8 SN6S
ms (%) ... ... 56 5.7 89

' Gaussing model; the size is FWHM : T, 15 the brightmess temperature
ot the Gaursian peak. The observed brighmess temperatures are con-
sistent with epucally thin emission from the source (see text),

-—and therefore we have made estimates for three plansible mod-
els of the source brightness. Each of the three models has two
components, with the emission from the central star ansing
from a point source (R, derived above mesulis ia aa amgular
diameter at 144 pc of 0.15 mas and is therefore assumed un-

(1) a circularly symmetric Gawssian brighwmess distribution; (2)

———a uniformly bright circelar sing: or (3) 2 companion star mod-

eled as a second point source. The peak surface brightaess in

the Gaussian model is set by the requirement that the flux of
this component match the near-IR excess flux, and therefore,
in this case, there is no a priori constraint on the actual intensity.

For the ring model, however, we have constrained the extended

component lo have a surface brightness equivalent to that of

a blackbody at the color temperature derived from the observed -

excess at H and K. Thus, for all models, the only fitied param-

eler is the size of the exiended component or the bimary sep-

aration. Finally, we mote that m all cases, except the bimary
case, the model is circularly symmetric so as to be comsistent

sition angle.

Table 2 summarizes the detailed features of each of the mod-
els and the results of fits of the models to the visibility data.
Thevisibility functions for the best-fitting models are displayed
in Figure | along with the data. A formal model fit to each

in the / band than for the cmissios in the X band. However,
within the errors, we find that the denived sizes i the H and
K' bands arc comsisicat with a single valme. Thus, Table 2
contains the results of fits to the eatire data set (cxcluding the
PTI upper limit). ) o o

In addition to the descriptive models presented in Table 2,
it is also possible to compute visibility predictions for physical
source models considered by previous workers. Thus, in Figure

(cf. Hillenbrand et al. 1992) for comparison with the data. For
this example, we have adopied a T oc 77" falloff for the tem-
perature in the disk, and we determine the size of the hole and
the temperature at the immer edge of the hole from the near-IR
excess observed at K and K The values thus obtained are 0.68
mas (0.10 AU) for the bole diameter and 3026 K for the bright-
ness temperature at thes position. These values are similar 20—
those derived for AB Awr by Hillenbrand et al (1992) from
their fit to the entire infrared excess. Since the Suxes completely
determine the model i» this case, there are no free parameters
_ lefuto fit to the visibility data, and therefore Figure 1 simply
. shows the visibility fusction that is predicted by the model. It
is clear that this model does not agree with the visibility data.

— =

4. DISCUSSION OF MODELS

— i T, v conetrained to-be the color tempemature of the infrared excess—

resolved) and the excess near-IR emission contributed by emher ——

individual color yields a somewhat larger size for the emission 28 Figure 1 does not fit the visibility data as well as the other

1, we present a model calculation for an accretion disk mode]  Presented hene.

~ mot agree with the visthility data. Indeed, we find that it is not

~Ring model: the size & the ianer diameter of mag: the outer dismeter
& adjusted w mstch the Bux in the ¥ and K bands, yielding a ratio of
enteriinney dasmeter of 1.04. The ning is considered to be optically thick .

" Bmmery motel: the size &5 the angular separation of the primary and
secondary (e companion is sssumed saresolved) projected along the
~ wselme dircotion; T, i constrsined o be fie color lemperature of the
imfrered excess

all failed to resolve the inner ~1 AU where the near-IR emission
—anses. However, in this work, the use of a long-baseline, near-
IR interferometer has enabled the system to be resolved for the
first time. It is clear from Figure | and from consideration of
the residual rms values that the Gaussian and ring models pro-
vide an adequate fit to the data, while the binary model and
accretion disk models do not. A

~4.1.-Binary Model ———
As moted by Hartmana et al. (1993), one plausible model

embedded in a thick cavelope of dust. In this case, the com-
panion is nvisible in the optical parts of the spectrum and
appears as an infrared source because of the absorption of
starlight by the dust eavelope and the subsequent reradiation
al cooler emperatmres. The binary model shown in Table 2

models presented. Moreover, our limit on the variation in vis-
ibility with bascline position angle constrains the possible ori-
estation of the binary system. Considering the most complete
sct of data, the H-band observations on the longest JOTA base-
line, we find that the binary position angle would have 1o lie
withia the range of 0°-10° @ onder o be consistent with the
9% limit on the wisibility vanision. These special constraints
make this model a less attractive explanation than the others

4.21. Accretion Disk Model

- Figure 1 shows the visibility function that is predicied by
the accretion disk model, and it is clear that this model does

possibic to meich simultancously the wisibility data and the
—infrered excess for any temperature power-law model in the

muge T r~“—""*_ Finally, we find that a general property

of dhe wisibility function of such models is that the effective

size of the disk at the & band is smaller than that in the k'
__band, i contradiction to the observation that both data setsare

consisical with the same effective size. Thus, it appears that

the accretion disk models commonly used to explain the source

SED arc ot coasistent with our interferometric measurements.

Previows high angular resolution observations of AB Aur,
via millimeter-wave interferometry (Mannings & Sargeat
1997), mid-infrared maging (Marsh et al. 1995), and near-IR
speckle interferometry (Leinert, Richichi, & Haas 1997), have

4.3. Ring Model

The choice of a ring to describe the emission was originally
- mouvaied by a desire to find a structure that is coasistent with
the effective size measured by the interferometer and with




Aperture Masking at Keck

Results and Science Potential

e Highest resolution images of circumstellar
envelopes available

e Spiral dust shells discovered around Wolf-
Rayet stars — colliding winds?

e Multi-wavelength diameter measurements to
probe the atmospheric structures of Miras and
Red Supergiants

e Circumstellar disks around Young Stellar
Objects (YSOs) can be resolved for the first
time

e Highly asymmetric flows around prototypical
dusty AGB stars insist on new mass-loss
mechanisms — or at least new twists on the old

¢ Proper motion studies in infancy, could be key
to understanding these complicated envelopes

e In general, these observations offer an
important data set to view in context of high
resolution visible data (stellar hotspots) and
radio/mm observations (SiO and H,O masers)



RPERTuRE MASKIN 6
(f;ﬂ) F10 nm

© 1489 Feb. |

o JrrL

372 K. W. Wilson et al.
Table 2. Lhﬂomhc-dmmmhﬁﬂﬂm:.

Wovelngth (am) Disk Puoint sowte parameters
Diamste Flux (percent Bodres from  PA 3 ]
(mmas) of Lotal) ' camler (mas) fdugress) |
% d
BI(+/-2) 10(+/-3) M+A1)  B(+/-3) E
20(+/-1) &(+/-5)  3WS(+/-10) r }
E = - -
80(+/-1) a(+/-2) q+/-2)  W+/-S) 2 1
W+ /-2) &+ /-5) W0(+ /-3) E 1
x
®(+/-3) W(+/-3) W+ /1) MS( 4+ /-3)
B(+/-3) +/1)  =m(+/-3) % -
a(4/-2) A+/-2) W+/-2)  385(+/-3) :
1(+/-2) W+/-2)  30S(+/—4) —— = —

—
a
F]
‘5 |
< i
2o
-
¥ -
©
=
=
2
i
i 1 i
50

Relotive RA. (mas)

Figure 4. MEM reconstructions of Betelgeuse at 710 nm in (a)
198Y bebruary, and (b) 1991 January. Contours are 5, 10, 20....,

90, 95 per cent of the peak intensily.

Gikes etal (1992) MNRAS 257 369
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Closure Phases
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Interacting Binary Wind Model
of Spiral Outflow Around WR 104

To Observer

Rotation Axis Hot dust
spiral

—¥

OB Star
=

Outflow primarily in plane
of binary orbit
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Herbig Ae/Be Stars

Began with study by Herbig (1960) of 26 pre-main
sequence stars of masses M. > 1 Mo, spectral range
FO to BO, having emission lines (Balmer).

Now about 300 known.

Parameters are:

masses: 2 Me < M. < 20 Mo,
luminosities: 2 Le<L.<10°Leo,
temperatures: 8000 < Tex < 30,000 K
ages: <10°yr<t< 10" yr

Mostly studied by their Spectral Energy
Distributions (SEDs).

Historical debate as to whether disk morphologies
were common or unusual compared to envelope
morphologies.

Classified into 3 groups based on SEDs by
Hillenbrand et al. (1992).
1. Group | - Fitted by models with flat
circumstellar accretion disks
2. Group |l - Fitted by models with roughly
spherical envelopes
3. Group lll - Small IR excess, consistent with
little circumstellar material left




e Our goal is to look at some of the Herbig Ae/Be
stars where disks are suggested based on SEDs
and see if disks can be observed with the aperture
masking technique.



Photoevaporation of Stellar Disks
Application to Compact Hil Regions

M, LM, LS




MWC 349 at 1.6 and 2.2 um (Apr98)
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LkHa 101 at 2.26 um (Apr98) LkHa 101 at 2.26 um (Apr98)
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